Both turn sequence and interstrand hydrophobic side-chain-sidechain interaction have been suggested to be important determinants of ␤-hairpin stability. However, their roles in controlling the folding dynamics of ␤-hairpins have not been clearly determined. Herein, we investigated the structural stability and folding kinetics of a series of tryptophan zippers by static IR and CD spectroscopies and the IR temperature jump method. Our results support a ␤-hairpin folding mechanism wherein the rate-limiting event corresponds to the formation of the turn. We find that the logarithm of the folding rate depends linearly on the entropic change associated with the turn formation, where faster folding correlates with lower entropic cost. Moreover, a stronger turn-promoting sequence increases the stability of a ␤-hairpin primarily by increasing its folding rate, whereas a stronger hydrophobic cluster increases the stability of a ␤-hairpin primarily by decreasing its unfolding rate. S mall size and structural simplicity make short peptides that fold into well defined structures ideal model systems for examining factors that govern protein folding (1). Of particular interest are ␤-hairpins. With two antiparallel ␤-strands connected by a turn (or loop), the ␤-hairpin motif may be regarded as the smallest folding unit that contains tertiary contacts. Although an increasing body of evidence suggests that the ␤-hairpin can act as a folding nucleus (2-4), the mechanism by which individual ␤-hairpins fold has remained elusive. This elusiveness is partly due to the fact that so far only the folding kinetics of a few sequence-unrelated ␤-hairpins have been studied experimentally (5-9). These studies firmly demonstrated that ␤-hairpins fold on the microsecond time scale; however, the marked difference in the peptide sequence of those systems studied makes it difficult to determine explicitly the key factors that control the rate of ␤-hairpin folding.
S
mall size and structural simplicity make short peptides that fold into well defined structures ideal model systems for examining factors that govern protein folding (1) . Of particular interest are ␤-hairpins. With two antiparallel ␤-strands connected by a turn (or loop), the ␤-hairpin motif may be regarded as the smallest folding unit that contains tertiary contacts. Although an increasing body of evidence suggests that the ␤-hairpin can act as a folding nucleus (2) (3) (4) , the mechanism by which individual ␤-hairpins fold has remained elusive. This elusiveness is partly due to the fact that so far only the folding kinetics of a few sequence-unrelated ␤-hairpins have been studied experimentally (5) (6) (7) (8) (9) . These studies firmly demonstrated that ␤-hairpins fold on the microsecond time scale; however, the marked difference in the peptide sequence of those systems studied makes it difficult to determine explicitly the key factors that control the rate of ␤-hairpin folding.
Although experimental measurements of the folding kinetics of ␤-hairpins are scarce, in the past few years a remarkable number of theoretical and computational studies have been conducted regarding the folding dynamics and energetics of a variety of ␤-hairpin systems (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . Results from these studies generally support the idea that the peptide sequence is an important determinant of the folding rate of ␤-hairpins. For example, the statistical model of Muñoz et al. (10) predicts that moving the hydrophobic cluster one residue closer to the turn will speed up the folding rate by 4 times, whereas the results of Thirumalai and Klimov (14, 17) suggest that the turn rigidity plays a rather important role in determining the rate as well as the cooperativity of ␤-hairpin folding. Although it is still under debate whether ␤-hairpin folding begins with the formation of the turn (5, 10) , interstrand hydrogen bond (16) , or hydrophobic collapse (11) , results from simulations generally support the idea that it involves multiple kinetic events, whereas the rate-limiting step may correspond to the assembly of interstrand native contacts within a collapsed ensemble (14) , formation of critical hydrophobic contacts (5, 10) , or formation of the turn, depending on the model. Undoubtedly, these theoretical studies provide new insights into our understanding of the folding mechanism of ␤-hairpins, but many predictions have yet to be demonstrated experimentally.
In light of findings from previous theoretical and simulation studies, it would, therefore, be quite useful to examine the folding kinetics of a series of sequence-related ␤-hairpins that differ, for example, in the turn composition or the relative position of the hydrophobic cluster. Herein, we studied the thermal stability and folding kinetics of three tryptophan zippers (trpzips): trpzip3, trpzip3-I, and trpzip4 (Table 1) . Both trpzip3 and trpzip4 originally were designed by Cochran et al. (22) and have been shown by NMR spectroscopy to adopt ␤-hairpin conformations in aqueous solution. Thermal unfolding studies of these trpzips by CD spectroscopy indicated that they exhibit thermodynamic properties similar to those of proteins, owing to the strong interactions between cross-strand pairs of tryptophan (Trp) side chains. Following the design of Cochran et al. (22) , we also introduced a new trpzip, trpzip3-I (Table 1) , which differs from trpzip3 only in the turn sequence. Compared with trpzip4, trpzip3-I has the same turn sequence (DATK) but a shorter chain length and, thus, a shorter distance between the hydrophobic cluster and the turn. Therefore, by studying the folding kinetics of these trpzips, we are aiming to answer the following question: Are the turn (or loop) sequence and the relative position of the hydrophobic cluster strong determinants of the folding rate of ␤-hairpins?
Moreover, trpzip4 is a triple mutant of the most studied ␤-hairpin, the 16-residue GB1 peptide (23, 24) , in which the wild-type residues Y45, F52, and V54 are replaced by Ws (Table  1) . Muñoz et al. (5) have shown that the wild-type GB1 hairpin folds in a two-state manner, both thermodynamically and kinetically, with a folding rate constant of Ϸ(6 s)
Ϫ1 at 297 K. Although highly twisted, the ␤-hairpin conformation formed by trpzip4 is much more stable than that of the GB1 peptide. Using CD spectroscopy, Cochran et al. (22) showed that trpzip4 unfolds in a single cooperative transition with a thermal melting temperature (T m ) of Ϸ70°C but that the GB1 ␤-hairpin unfolds with a much lower T m (Ϸ24°C) as determined by fluorescence spectroscopy (5) . Thus, by comparing the folding kinetics of trpzip4 with those of the GB1 peptide, one should be able to determine whether the increased thermal stability of trpzip4 is the result of an increase in its folding rate or a decrease in its unfolding rate.
Consistent with theoretical predications, our laser-induced temperature-jump (T-jump) studies indeed show that the turn sequence has a strong effect on the folding rate of trpzips. One rather surprising result, however, is that the folding rate of trpzip3-I is roughly an order of magnitude slower than that of trpzip4, even though the hydrophobic cluster of the latter is farther away from the turn region. In addition, we found that trpzip4 acquires its higher thermal stability, compared with the GB1 ␤-hairpin, primarily by decreasing its unfolding rate.
Materials and Methods
The trpzips used in the current study were synthesized based on standard fluorenylmethoxycarbonyl (Fmoc) protocols. All products were purified to homogeneity by reverse-phase chromatography and identified by matrix-assisted laser desorption ionization mass spectroscopy. The residual trifluoroacetic acid (TFA) from peptide synthesis, the absorbance of which overlaps with the amide IЈ band of polypeptides, was removed by lyophilization against a 0.1 M DCl solution.
CD thermal melting curves were obtained on a 62A DS spectropolarimeter (Aviv Associates, Lakewood, NJ) with a 1-mm sample holder. The peptide concentration was Ϸ50 M in either D 2 O [uncorrected pH (pH*) 3] (for tripzip3-I) or 20 mM phosphate-D 2 O buffer solution (pH* 7) (for trpzip3 and trpzip4).
Temperature-dependent Fourier transform infrared (FTIR) spectra were collected on a Magna-IR 860 spectrometer (Nicolet) by using 2-cm Ϫ1 resolution. A CaF 2 sample cell that was divided into two compartments with a Teflon spacer was used to allow the separate measurements of the sample and the reference under identical conditions. The optical path length of the sample cell was determined by its interference fringes, obtained from the transmittance signal of the empty cell, to be 52 m. Temperature control with Ϯ0.2°C precision was obtained by a thermostated copper block. To correct slow instrument drifts, both the sample and reference sides of the sample cell were moved in and out of the IR beam alternatively, and each time a spectrum corresponding to an average of eight scans was collected. The final result was usually an average of 32 such spectra, for both the sample and the reference. For both static and time-resolved IR measurements, the sample was prepared by directly dissolving lyophilized solids in either D 2 O (pH* 3) (for trpzip3-I) or 20 mM phosphate-D 2 O buffer (pH* 7) (for trpzip3 and trpzip4). The final concentration was Ϸ1-2 mM, as estimated by Trp absorbance.
The T-jump IR setup is described in detail in refs. 25 and 26. Briefly, a heating pulse at 1.9 m (3 ns and 10 mJ) was used to generate a T-jump of Ϸ10°C. Transient absorbance change induced by the T-jump pulse was probed by a continuous-wave IR diode laser and a 50-MHz HgCdTe detector. As in the static FTIR measurement, a sample cell with dual compartments was used to allow the separate measurements of the absorbance change of the sample and reference under identical conditions. Measurements with the reference provided the information needed for both T-jump amplitude calibration and background subtraction.
All curve fittings were carried out in EXCEL (Microsoft) by using its Solver capability. Simulations of the amide IЈ band of the folded and extended structures of tripzip4 were performed with MATLAB (Mathworks, Natick, MA). The method used to generate the amide IЈ band of proteins is based on the transition dipole coupling mechanism (27, 28) , which attributes the bandwidth and splitting of the amide IЈ manifold to the dipolar interactions or couplings among amide groups. Following Torii and Tasumi (29), we denoted the transition dipole moment of the
Ϫ1 ⅐atomic mass units (amu) Ϫ1/2 ], the magnitude of which was set to be 3.70 D⅐Å Ϫ1 ⅐amu Ϫ1/2 , and n was the number of peptide bonds. The direction of the transition dipole also was determined according to the method of Torii and Tasumi (29) . Finally, the forceconstant matrix (the F matrix) was constructed as follows:
where each diagonal force constant, f j , is determined by the intrinsic vibrational frequency of an isolated oscillator [in mdyne⅐Å Ϫ1 ⅐amu Ϫ1 (1 dyne ϭ 10 N)], and R jk is the length (in Å) of the line connecting the jth and kth transition dipoles; n jk is the unit vector along this line, and is the dielectric constant, which was assumed here to be unity. The eigenvalues of the F matrix correspond to the eigenmodes of amide IЈ vibrational motions. Therefore, the IR intensity for each eigenmode was obtained by taking the magnitude square of the product of the transition dipole and eigenvectors of the F matrix. For trpzip4, two fundamental vibrational frequencies, 1.61 mdyne⅐ Å Ϫ1 ⅐amu Ϫ1 (1,653 cm Ϫ1 ) and 1.59 mdyne⅐Å Ϫ1 ⅐amu Ϫ1 (1,641 cm Ϫ1 ), were used for the buried and solvated amide groups, respectively. For the extended conformation, 1.59 mdyne⅐Å Ϫ1 ⅐amu Ϫ1 was used as the fundamental vibrational frequency for all amide groups.
Results
First, the thermal unfolding transitions of trpzip3, trpzip3-I, and trpzip4 were studied by CD spectroscopy according to the method of Cochran et al. (22) . Although most ␤-hairpins do not show CD signatures that can be used reliably to monitor their thermal folding͞unfolding transitions, trpzips exhibit a rather unique exciton-coupled CD peak around 229 nm because of the strong interaction between the paired Trp side chains (30) . For trpzip3 and trpzip4, our CD data (data not shown), as well as the resulting thermodynamic parameters from a two-state fit, are very similar to those obtained by Cochran et al. (22) (Table 2) . Interestingly, however, the thermal unfolding transition of trpzip3-I, as suggested by CD, is less cooperative and has a much lower T m , indicating that replacing the native turn residues of Second, the thermal unfolding transitions of these trpzips were further investigated by FTIR spectroscopy, wherein the temperature-dependent amide IЈ bands of these peptides were analyzed. The amide IЈ band of polypeptides arises mainly from the stretching vibration of backbone carbonyls and is an established indicator of protein secondary structures (31) because of its sensitivity to structural parameters. As shown in Fig. 1a , the resolution-enhanced (32) FTIR spectrum of trpzip4 at 14.4°C exhibits three resolvable spectral features, centered at Ϸ1,633, 1,655, and 1,676 cm Ϫ1 , respectively. In particular, the pair of lowand high-frequency bands (the 1,633-and 1,676-cm Ϫ1 components, in this case), which originates from vibrational couplings among interstrand amide CAOs, is considered characteristic of antiparallel ␤-sheets (27, 28) . Consistent with these experimental results, the calculated amide IЈ band of trpzip4, which corresponds to the average of 20 calculated spectra based on the transition dipole coupling model and using the 20 NMR structures of trpzip4 in the Protein Data Bank (ID code 1LE3), also shows three major spectral components (Fig. 1b) , centered at 1,634, 1,654, and 1,674 cm Ϫ1 , respectively. For comparison, we have also calculated the amide IЈ absorption profile of extended trpzip4, which was generated by changing the native and angles randomly to values obtained from a Gaussian distribution centered at (180, 180) with a width of 20°. As expected, the simulated spectrum (Fig. 1b) , which corresponds to the average of the calculated amide IЈ bands of 10 extended conformations of trpzip4, contains mostly a broad band, centered at around 1,651 cm Ϫ1 . The above results suggest that the integrated intensity of either the 1,633-or 1,677-cm Ϫ1 band may be used to monitor the population change of the ␤-hairpin conformation in thermal unfolding studies of trpzips. Although quantitatively resolving all overlapping features in a measured amide IЈ profile is not always feasible, previously we have shown that the integrated area of the high-frequency component of an antiparallel ␤-sheet can be obtained by globally analyzing a set of difference FTIR spectra in the vicinity of 1,680 cm Ϫ1 (7, 33) . For example, the difference FTIR spectra of trpzip4 (Fig. 2 ), which were generated by subtracting the FTIR spectrum collected at 14.4°C from the spectra collected at higher temperatures, exhibit a negativegoing feature around 1,680 cm Ϫ1 , because of the decreasing ␤-hairpin population when temperature is increased. Globally fitting these difference spectra with a Gaussian function whose position is allowed to shift linearly with temperature, plus a monotonic, nonlinear background, allowed us to obtain for each temperature the integrated area of the high-frequency component (33) . It can be shown quite easily that the latter is proportional to the population of the folded ␤-hairpin conformation, and its dependence on temperature can further be used to characterize quantitatively the thermal unfolding transition of trpzip4 (Fig. 3) . Similar analysis also was carried out for trpzip3 and trpzip3-I. As shown in Table 2 , the unfolding thermodynamic parameters obtained by this method for both trpzip4 and trpzip3-I are similar to those obtained by CD spectroscopy, although the T m of trpzip4 reported by IR is somewhat lower than that reported by CD, a trend that also has been observed for trpzip2 (33, 34) .
Interestingly, the IR data of trpzip3 (Fig. 3) do not show a simple symmetric sigmoid transition, as suggested by CD. Instead, these data reveal two unfolding transitions, at Ϸ45°C and Ϸ80°C, respectively. The latter result is similar to that obtained with CD spectroscopy. A plausible interpretation of these results is that the low-temperature transition arises from the melting of a small amount of soluble aggregates present in the solution, In these calculations, the Gaussian broadening width was set at 5 cm Ϫ1 . a.u., arbitrary units. Fig. 2 . Difference FTIR spectra (E) of trpzip4. These spectra were generated by subtracting the FTIR spectrum collected at 14.4°C from those collected at higher temperatures (T ϭ 14.4 ϩ n * 6.0°C, n ϭ 1-11) and adding an offset. Solid lines are fits to a Gaussian function plus a monotonic, nonlinear baseline. As an example, the baseline corresponding to the difference spectrum at 80.4°C is shown (ϩ). As discussed in the text, the area of the Gaussian function at each temperature T is proportional to the ␤-hairpin population difference between T and 14.4°C.
whereas the high-temperature transition corresponds to the thermal unfolding of the monomeric trpzip3 ␤-hairpin. Consistent with this explanation is that the Fourier self-deconvolution spectrum of trpzip3 exhibits an additional band at Ϸ1,615 cm Ϫ1 (data not shown), a feature that is typical for ␤-aggregates (35). Furthermore, Decatur and coworkers (36) recently have shown that ␤-aggregates formed by short peptides can be dissociated reversibly by heat. Nonetheless, we cannot rule out the possibility that this complex behavior results from the intrinsic complexity of the folding energy landscape of trpzip3 (34) .
The T-jump-induced relaxation kinetics of these trpzips were monitored by time-resolved IR spectroscopy (25, 26) . As shown in Fig. 4 , these relaxations exhibit two distinct phases. The fast phase is instrumentation-limited and is likely due to temperature-induced spectral changes, such as shift and broadening, and͞or imperfect background subtraction, whereas the slow phase can be modeled by first-order kinetics. When the final temperature in T-jump experiments increases, the amplitude of the slow phase first increases and then decreases, indicating that this component probes the cooperative thermal foldingunfolding transition reported by the static IR measurements. Therefore, the observed relaxation rate constants (k obs ) were further separated into folding (k f ) and unfolding (k u ) rate constants (Fig. 5) , based on the following relationships: k obs ϭ k f ϩ k u and K eq ϭ k f ͞k u . K eq is the equilibrium constant, calculated by using the unfolding thermodynamic parameters obtained from either IR (for trpzip4 and trpzip3-I) or CD (for trpzip3) thermal unfolding studies. It is evident that the folding rates of these trpzips exhibit non-Arrhenius behavior and also weak temperature dependence (Fig. 5 ). Fitting these data to the Eyring equation indeed yields a relatively small ⌬H for folding (note that the ⌬S cannot be determined because the preexponential factor is not known), suggesting that the energetic barrier for the formation of ␤-hairpins is small, in agreement with other studies (5, 7).
Discussion
It has long been recognized that several factors can influence the stability of the folded state of ␤-hairpins. These include hydrogen bonds, electrostatic interaction, turn preference, and hydrophobic packing of side chains (37) (38) (39) (40) (41) . The wide range of thermal melting temperatures observed for trpzips (including the GB1 ␤-hairpin) is consistent with the idea that a stable ␤-hairpin results from an intricate interplay among several factors. For instance, the low thermal stability of trpzip3-I may Table 2 . The solid line for trpzip3 is present to guide the eyes. a.u., arbitrary units.
be attributed mainly to the lack of a crucial stabilizing interaction provided by key side chains in the loop. Munekata and coworkers (39) recently have shown that a characteristic hydrogen bond network in the loop region (i.e., DDATKT) of the GB1 ␤-hairpin, which involves mostly D46, T49, and K50, is important for its stability because most single mutations in this region destabilize the ␤-hairpin conformation. A similar hydrogen bond network can also be found in the GB1 turn region of its parent protein, protein G (42). The study of Munekata and coworkers (39) further suggests that it seems that D46 is particularly crucial for maintaining the rigidity and consequently the stability of the loop region of the GB1 ␤-hairpin by restricting rotational freedoms of the main chain and͞or the side chains. A similar conclusion also was reached recently by Tsai and Levitt (40) in a molecular dynamics simulation. Therefore, it is not surprising that trpzip3-I is less stable than trpzip4, because the former lacks a pair of critical residues, i.e., D46 and T51. Nevertheless, because of the stronger hydrophobic interactions provided by the pairs of cross-strand Trp side chains, the stability of Trpzip3-I is still comparable to that of the GB1 ␤-hairpin.
Despite its small size, trpzip4 exhibits exceptional stability and folding cooperativity. In fact, its folding thermodynamic properties are similar to those of proteins (22) . Because trpzip4 and the GB1 ␤-hairpin differ from each other only in the composition of the hydrophobic cluster, we can compare their folding kinetics meaningfully. Using the method of T-jump fluorescence, Eaton and coworkers (5) have shown that the GB1 ␤-hairpin folds in Ϸ6 s at 297 K. Although trpzip4 is more stable, it folds with a similar rate. At 297 K, its folding time constant is extrapolated to be Ϸ15 s (Table 3) . On the contrary, the unfolding rates of the GB1 ␤-hairpin and trpzip4 differ significantly. At 297 K, the GB1 ␤-hairpin unfolds in Ϸ6 s (5), whereas the unfolding time constant of trpzip4 is Ϸ234 s.
These results have strong implications regarding the mechanism of ␤-hairpin folding. Taken together, they allow us to determine the kinetic role of the hydrophobic clusters found in these ␤-hairpins. The similar folding rates exhibited by the GB1 ␤-hairpin and trpzip4 suggest that their folding free-energy barriers are also quite similar. However, the slower unfolding rate of trpzip4 indicates that it has a larger unfolding free-energy barrier than does the GB1 ␤-hairpin. Furthermore, a quantitative analysis indicates that the value (43) of trpzip4 for folding, because of the triple Trp mutations in the GB1 ␤-hairpin, is approximately Ϫ0.11 ‡ , suggesting that mutations to the hydrophobic side chains in the GB1 peptide do not alter significantly the free energy of the folding transition state. In other words, the native hydrophobic side-chain-side-chain contacts have not been formed in the transition state structural ensemble. Therefore, the role of a strong cross-strand hydrophobic cluster, such as the one found in trpzips, primarily is to prevent the unfolding of the folded ␤-hairpin conformation. Conceptually, this conclusion is similar to the zipper model of Muñoz et al. (5) . Results obtained on other trpzips also corroborate this idea.
It is well established that the turn sequence is an important determinant of the turn conformation and, thereby, other features of ␤-hairpin conformation, such as the pattern of interstrand hydrogen bonding and residue pairing (44) . Moreover, a relatively low entropic cost associated with the turn (or loop) formation is another characteristic feature of strong turnpromoting sequences, such as those containing a D P residue (45, 46) . For example, Gellman and coworkers (46) have recently shown that the high turn-forming propensity of the D PG segment decreases the equilibrium entropic cost of ␤-hairpin formation relative to the more flexible NG segment. Although many studies have contributed greatly to our understanding of the thermodynamic role of many different turns, the kinetic role of the turn (or loop) in ␤-hairpin folding has not been explicitly analyzed. Therefore, systematically analyzing the folding kinetics of a series of 12-residue trpzips, such as trpzip1, trpzip2, trpzip3, and trpzip3-I, which differ only in the turn sequence, should provide a unique opportunity for us to elucidate the kinetic role of the turn in ␤-hairpin formation.
The folding kinetics of the four 12-residue trpzips mentioned above have been studied by T-jump IR, T-jump fluorescence, or both. For trpzip2 and trpzip3, both T-jump IR and T-jump fluorescence yielded nearly identical results. For example, at 296 K, the obtained folding rate constant for trpzip3 from T-jump IR was Ϸ(1.7 s) Ϫ1 , whereas a T-jump fluorescence study reported a value of Ϸ(0.83 s)
Ϫ1 at 294 K (21) . As shown in Table 3 , although the unfolding rate constants of these 12-residue trpzips are different only by a factor of 3 or less, their folding rate constants differ by as much as 30 times (e.g., comparing trpzip3 with trpzip3-I). Taken together, these results suggest that the turn sequence is a strong determinant of the ␤-hairpin folding rate but has a rather small effect on the unfolding rate, consistent with the idea proposed above that the rate-limiting event in ␤-hairpin folding is the formation of the turn.
Interestingly, trpzip3, which contains a strong turn-promoting sequence, D PN, exhibits the fastest folding rate among the 12-residue trpzips studied. According to Gellman and coworkers (46) , the excellent turn preference of D PN may be attributed to the conformational rigidity of the D P residue, which effectively reduces the entropic penalty, ⌬S turn , upon turn formation. As indicated by results from this and other studies (5-7), the free-energy barrier of ␤-hairpin folding is dominated by the unfavorable entropic cost for the formation of the transition state. Therefore, within the framework of the folding transition state theory, it is reasonable to assume that k f ϰ exp(␣⅐⌬S turn ͞R), where ␣ is constant. Although it is difficult to explicitly determine ⌬S turn for a given ␤-hairpin, the following relationship is valid: ⌬S f ϭ ⌬S turn ϩ ⌬S strand , where ⌬S f is the total folding entropic change obtained from thermal melting experiments and ⌬S strand is the entropic change associated with the folding of the ‡ A recent NMR study by Andersen and coworkers (41) suggested that at 298 K the percentage of the folded state of the GB1 ␤-hairpin is Ϸ30%, which corresponds to a folding equilibrium constant (Keq) of Ϸ0.43. Such a Keq and a 3-s relaxation time (5) would result in a kf of (10 s) Ϫ1 for the GB1 peptide at Ϸ298 K. Using this folding rate constant for the GB1 peptide and the folding rate constant of trpzip4, we calculated the value based on the following equation: Such an assumption would lead directly to a relationship wherein ln(k f ) is linearly proportional to ⌬S f . Indeed, such a linear correlation is observed for the four 12-residue trpzips (Fig. 6 ), for which faster folding correlates with smaller entropic change. These results further strengthen our argument that the turn (or the turn region) is a key determinant of the folding rate of ␤-hairpins and clearly demonstrate that stronger turn-promoting sequences, such as those that contain a D P residue, increase the stability of ␤-hairpins by increasing the folding rate. Finally, it is worth pointing out that one should not simply interpret the term ⌬S turn that is invoked here as the differences in disordered loop entropy; it only corresponds to a fraction of the entropic change determined from the thermal unfolding studies. The slower folding rate observed for trpzip3-I, when compared with that of trpzip4, is also consistent with the picture that the formation of the turn is rate-limiting in ␤-hairpin folding. Frank et al. (47) have shown that even in 7.4 M urea, the protein GB1 domain still shows residual structures that involve D46, T49, and T51, indicating that the loop region of the GB1 ␤-hairpin is quite stable and rigid. It is reasonable to assume that the unfolded state of trpzip4 also contains similar residual structures. Thus, the faster folding rate of trpzip4 can be attributed to the existence of such residual structures because they effectively reduce the entropic cost corresponding to the turn formation. On the other hand, such residual structures are not expected to exist in the unfolded state of trpzip3-I, because it lacks a pair of critical residues, D46 and T51.
Conclusion
In summary, we have studied the thermal stability and folding kinetics of a series of sequence-related ␤-hairpins by using both static and time-resolved IR spectroscopy. Our results provide insight into the understanding of the kinetics of ␤-hairpin folding. In particular, our results suggest a folding mechanism in which the turn plays a key role in determining the rate of ␤-hairpin folding. In addition, a good turn-promoting sequence or a strong interstrand hydrophobic cluster can help to stabilize the folded conformation of ␤-hairpins. However, the former increases the stability of a ␤-hairpin primarily by increasing its folding rate, whereas the latter increases the stability of a ␤-hairpin primarily by decreasing its unfolding rate.
